This paper treats the Joule heat welding of thin Pt wires having various diameters. Joining of fine-scale materials, such as micro-or nanowires, has been essential to create advanced materials systems. Joule heat welding is one of the suitable way for this purpose. It has been reported that thin wires were welded together under the supply of constant direct current, and the welding condition was sensitive to the thermal boundary conditions around the wires under the current supply, which was affected by the heat transfer from the wire surface to the ambient and the heat conduction at the ends for the current supply. The diameters of thin Pt wires were 0.8-20 m, and the current required to cut the wire by Joule heating was investigated. The temperature of the wire having the smaller diameter was easily increased by Joule heating, and this became remarkable with increasing the slenderness ratio, i.e., the ratio of the diameter to the length for current supply. An index related to the temperature of the wire under the current supply was introduced to describe the thermal boundary conditions around the wire. The behavior of the index against the diameter was approximated by the exponential functions, and the thermal boundary conditions around the wires having various diameters became predictable. Finally, the validity of the thermal boundary conditions determined and predicted in this study was verified by conducting the experiments to cut and weld the wires by Joule heating.
Introduction
Micro-and nanomaterials have excellent physical properties and unique geometrical features, and therefore, such fine-scale materials are expected to be used as essential elements in advanced materials systems. For this purpose, expanding the techniques for freely using fine-scale materials have been essential. Among such techniques, joining of fine-scale materials is vital. Various techniques to join fine-scale materials, such as metallic or semiconducting nanomaterials (Kim, et al., 2005; Xu, et al., 2005; Tohmyoh, et al., 2007; Lu, et al., 2010; Tan and Wang, 2013; Peng, et al., 2013; Vafaei, et al., 2014; Ma, et al., 2016) and carbon nanotube (Hirayama, et al., 2001; Dong, et al., 2007; Jin, et al., 2007) have been reported. Electron beam (Xu, et al., 2005) , laser beam (Kim, et al., 2005; Hu, et al., 2012; Dai, et al., 2016) , or light (Garnett, et al., 2012 ) is used to melt a fine-scale materials for joining. Also, nano-volume solder is used to realize the soldering of nanowires (Peng, et al., 2009) .
Joule heating is effective to increase the temperature of fine-scale materials having smaller heat capacity (Hummelgård, et al., 2010) , and is used to join such materials (Hirayama, et al., 2001; Tohmyoh, et al., 2007; Song, et al., 2014) . It has been reported that thin Pt wires are welded together in self-completed matter under the supply of constant direct current (Tohmyoh and Fukui, 2009 ). Tip of a thin wire was welded to the side of another thin wire (Fukui and Tohmyoh, 2011) or the surface of the substrate (Tohmyoh and Fujimori, 2014) . Thin wires having dissimilar diameter (Fujimori and Tohmyoh, 2013) and dissimilar metal wires were also welded together by Joule heating (Tohmyoh and Sunagawa, 2015) . In case of joining two thin wires together, temperature of the wire under the current supply is important.
However, knowing the temperature is not so easy task because the thermal boundary conditions around the wire is usually unknown. In the previous studies, the thermal boundary conditions around the wire under the current supply was described by an index (Tohmyoh, 2009) , and the index was determined experimentally by cutting the wire with Joule heating.
In this paper, we investigated the effect of the diameters of thin wires on the thermal boundary conditions around the wires under the current supply. Thin Pt wires having the diameters of 0.8, 5, and 20 m were treated in this study, and these were cut at various lengths for current supply. At the same slenderness ratio, which is the ratio of the diameter to the length for current supply, the temperature of thinner wire was easily raised by Joule heating compared with that of thicker one. Thermal boundary conditions around the wire was described by an index determined from the current required to cut the wire, and the behavior of the index against the diameter was approximated by an exponential function. Thermal boundary conditions around the wire having various diameters were predicted by interpolation and extrapolation, and the validity of the prediction was verified by conducting the experiments in different diameters. The wires having various diameters were welded, and the welding condition were summarized by considering the thermal boundary conditions around the wires.
An index to describe the thermal boundary conditions around the wire
Let us consider the electro-thermal problem, where the constant direct current, I, is supplied to a thin wire with a pair of the current terminals, see Fig. 1(a) . In this case, the temperature of the wire takes its maximum value at the middle of two current terminals, and the wire is cut at the middle provided that the maximum temperature reaches the melting point of the wire. The current required to cut the wire, (I C ) EXP , is related to the heat transfer from the wire surface to the ambient and the heat conduction at the ends for the current supply, and the temperature in the wire is affected by such thermal boundary conditions around the wire. The thermal boundary conditions around the wire under the current supply can be described as (Tohmyoh, 2009) 
where (I C ) 0 is the current required to cut the wire under the thermal boundary conditions, which are described as follows: There is no heat transfer from the wire surface, and the temperature at the ends for current supply is constant at the ambient temperature, T 0 , see Fig. 1 (b). The value (I C ) 0 can be determined analytically by solving the heat conduction equation under the thermal boundary conditions, see Appendix, and it can be expressed as:
where A (= d 2 / 4) is the cross-sectional area of the wire, d the diameter of the wire, L is the length of the segment for the current supply, K is the thermal conductivity,  the electrical conductivity, and T M melting point of the wire. The analysis, (IC)0. Here in the analysis, the thermal boundary conditions, where there is no heat transfer from the wire surface, and the temperature at the ends for current supply is constant at the ambient temperature, T 0 , are assumed.
values of f can be obtained as the function of L by conducting the experiment to cut the wire for various lengths. The values of f greater than unity indicates that the temperature in the wire is easily increased compared with the case under the thermal boundary conditions assumed.
Experiment to cut the wires with Joule heating
The values of d of the Pt wires offered for the testing were 0.8, 5 and 20 m. To determine f values for the wires, the wires were cut with Joule heating under the various values lengths, where the slenderness of the wires (d / L) were 0.002, 0.003, 0.004, 0.008, and 0.016. Ag terminals of 75 m thickness were used for the current supply. All the experiments were performed in the air (T 0 = 293 K). From 0.1 mA, the supplied current was gradually increased by 0.1 mA, then repeatedly increased the current until the wire was cut. This investigation was conducted five times using the same value of d / L for each diameter, and the average value was used to determine f. As shown an example for d = 20 m and L = 1.25 mm in Fig. 2(a) , for all the cases, the wire was cut near the middle for the current supply. The values of (I C ) EXP , and T M = 2042 K. At the same value of d / L, the values of f for thinner wire were greater than those for thicker one, and this indicates that the temperature of the wire having smaller diameter was easily increased by Joule heating. Moreover, this tendency became remarkable with increasing d / L. In Fig. 3 , the values of f become less than unity for smaller value of d / L. On the other hand, these becomes greater than unity for larger values of d / L. Let us consider the reason for this. In case that L is longer, heat transfer from the wire surface becomes notable. This contributes to increase (I C ) EXP , and f becomes smaller than unity. As described in Appendix, (I C ) 0 is determined under the thermal boundary conditions where the temperature at both ends for current supply is constant at T 0 . However, in the realistic situation, the temperature at the ends for current supply becomes greater than T 0 , and this contributes to decrease (I C ) EXP . In case that L is shorter, increase in the temperature at both ends for current supply affects (I C ) EXP greatly than the effect of heat transfer, and f becomes greater than unity.
We approximate the relationships between f and d / L by the following polynomial equation: In this study, we selected N = 2, and the coefficients of k 1 and k 2 for the wires of d = 0.8, 5, and 20 m are summarized in Table 1 Table 3 . The values of R 2 was close to unity. Predicted values of f were used to determine (I C ) EXP from Eqs. (1) and (2), and the values of (I C ) EXP for the wires having d = 10 and 50 m are shown in Figs. 6(a) and (b) , respectively. The experiment to cut the wire of d = 10 m was performed for L = 0.625, 1.25, 2.50, 3.33 and 5.00 mm, and the wire of d = 50 m was cut at L = 6.25, 12.5, 16.6 and 25.0 mm. The values of (I C ) EXP decreases with increase in L, and the predicted values of (I C ) EXP were in good agreement with the experimental ones for both cases. Especially, the differences between the predicted and experimental values for the case of d = 10 m [ Fig.6 (a) ] were smaller than those of d = 50 m [ Fig.6  (b) ].
Experiment to join the wires with Joule heating
To confirm the validity of the determined values of f, two Pt wires were joined together with Joule heating. The tips of two wires were contacted together, and the constant direct current was supplied to the wires. From 0.1 mA, the current was gradually increased by 0.1 mA as the same way to cutting experiment, and repeated increasing the current until the wires were welded. It has been reported that the lower limit for the welding current exists, and by supplying the current for lower limit, the contact of two wires first melts. From the seeming analogy between the melting phenomenon at the contact in the present electro-thermal problem and the crack propagation phenomenon in the fracture mechanics, with referring the stress intensity factor, a governing parameter for the melting phenomenon at the contact by Joule heating has been proposed, and is given by (Tohmyoh, 2009) 
The condition for joining two wires is expressed by U L < U < U U , where U L and U U are the lower and upper limits for the joining. It has been experimentally investigated that the value of U L is about 70 % of U U .
In the experiment, the contact was located at the middle of L, and the current was increased by 0.1 mA until the wires were first confirmed to be joined. The lower limit of the current to join the wires was denoted as I L . Next, the current was increased until the joined wires were cut due to over Joule heating, and the upper limit of the current was denoted as I U . The experiment to weld the wires of d = 0.8 m was performed for L = 0.14, 0.28, and 0.35 mm, and that of d = 5 m was for L = 0.4, 0.8, and 1.6 mm. The values of L of d = 20 m were 3, 6, and 9 mm. The values of I L and I U for the Pt wires having d of 0.8, 5, and 20 m are shown in Fig. 7(a) to (c) , respectively. For all the cases, the values of I L and I U decrease with increase in L, similarly to the behavior of (I C ) EXP shown in Fig. 2 .
With considering the difference in the thermal boundary conditions around the wires, let us summarize the condition of Joule heat welding of the wires. The values of U determined from I L and I U for all the wires were plotted against d / L in Fig. 8 . Without depending on d, the lower limit of U, U L , and the upper limit of U, U U , were found to be coincident with each other. The values of U L and U U were 2.2 × 10 6 , and 3.1 × 10 6 A m 1 , respectively. These values were close to those determined previously for the 0.8 m thick Pt wire (Tohmyoh, 2009) . Moreover, the wires of d = 10 m were welded together by supplying the currents correspond to U = 2.65 × 10
. The values of L were 1, 3 and 4 mm, and the corresponding currents were 139, 121 and 115 mA, respectively. For all the cases, two wires were successfully welded together. Finally, the validity and the usefulness of the thermal boundary conditions determined were verified though the welding experiment. 
Conclusions
In this paper, the thermal boundary conditions around thin Pt wires under the current supply were investigated by conducting the experiments to cut the wires by Joule heating. The diameters of the Pt wires were 0.8, 5, and 20 m. The thermal boundary conditions around the wire were affected by the heat transfer from the wire surface to the ambient and the heat conduction at the ends for the current supply. In this study, the thermal boundary conditions were described as the ratio of the current required to cut the wire experimentally to the current required to cut the wire under the assumption that there was no heat transfer from the wire surface and the temperature at both ends for current supply was constant at ambient temperature. It was clear from the changes in the index that the temperature of thinner wire was easily raised due to Joule heating compared with the thicker one. The behavior of the index was found to be approximated by the exponential function against the diameter, and with use of those relations, thermal boundary conditions around the wire having various diameters were predicted. The currents required to cut the wires having the diameter of 10 and 50 m were investigated, and the experimental values were in good agreement with the predicted ones. Moreover, the experiment to join two wires having various diameters were also conducted, and the validity of the thermal boundary conditions around the wires having various diameter, which were determined experimentally or predicted analytically, was verified.
